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A  new  family  of  MIEC  compounds  resulting  from  the  electrolyte  BaIno.3Tio.7O2.85  (BIT07)  was  developed 
by  coupled  substitution  of  titanium  by  iron  and  barium  by  lanthanum.  Total  conductivity  increases 
significantly  with  iron  and  lanthanum  content.  BaIno.3Tio.7O2.85  yields  a  total  conductivity  in  air  of 
10_2Scm_1  at  700  °C  whereas  that  of  Bao.7Lao.3Ino.3Tio.iFeo.603_(5  (BLITFe06)  is  SScnrr1.  Doped  com¬ 
pounds  are  p-type  conductors.  In  reducing  atmosphere  the  electrical  conductivity  decreases  drastically 
to  o  =  2  x  10~2  Scnrr1  for  the  best  value,  which  is  not  sufficient  for  a  use  as  MIEC  anode.  Nevertheless, 
Ni/BLITFe06  cermets  seem  to  be  good  candidates  as  SOFC  anodes.  The  total  conductivity  of  Ni/BLITFe 
cermets  is  higher  than  that  of  18.7vol.%  Ni/BIT07  (or7oo°c^l02  Scrrr1),  even  for  a  lower  Ni  content 
(16.1  vol.%  Ni/BLITFe  or70o°c ^200 Scm-1).  The  percolation  threshold  moves  towards  the  small  quanti¬ 
ties  of  nickel  (from  15.7  vol.%  to  10  vol.%).  Ni/BLITFe06  cermets,  compared  with  Ni/BIT07,  show  a  better 
electrochemical  behaviour  towards  fuel  oxidation. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  development  of  new  electrolyte  materials  with  improved 
properties  is  essential  to  the  future  of  intermediate  tem¬ 
perature  solid  oxide  fuel  cells  (IT-SOFCs)  technology.  Several 
electrolytes  have  been  described  as  finding  practical  applica¬ 
tion  in  SOFCs:  Zr02-,  Ce02-,  LaGa03-,  and  Lai0Si6O27-based  [1,2]. 
Jayaraman  et  al.  [3]  reported  a  new  family  of  anionic  conductors 
Ba2In2(1_x)Ti2x05+xDi_x  with  0<x<  0.7  (called  BITx)  which  can  be 
also  considered  as  potential  electrolytes  for  SOFC,  mainly  the  phase 
BaIno.3Tioj02.85  (BIT07). 

In  order  to  design  anodes  chemically  and  mechanically  com¬ 
patible  with  BIT07  electrolytes,  Ni/BIT07  cermets  were  prepared 
and  characterized  [4].  Authors  obtained  a  cermet  containing  only 
18.7  vol.%  of  nickel  with  an  open  porosity  of  40%.  Its  electronic 
conductivity  (<t7oo°c^  102 Scm-1)  is  higher  than  that  of  Ni/YSZ 
cermets  with  a  larger  nickel  content  and  the  thermal  expansion 
coefficient  measured,  11.4  x  10-6  K_1,  is  close  to  that  of  the  elec¬ 
trolyte  compound  BIT07  (9.9  x  1 0-6  K-1 ).  The  Ni/BIT07  cermet  was 
used  as  anode  in  single-cells  based  on  BIT07  electrolyte  and  using 
La0.8 Sr0.2  Mn03  as  cathode  [  5  ] .  The  value  of  Pmax  at  690 0 C  under  dry 
hydrogen  was  found  to  be  lOOmWcm-2  whereas  that  under  dry 
natural  gas  was  8mWcm-2.  Indeed,  Ni-based  anodes  are  usually 
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unstable  in  the  presence  of  hydrocarbons  because  Ni  catalyzes  the 
formation  of  coke  unless  large  amounts  of  steam  are  also  present. 
High  currents  and  low  concentration  (4-9%)  of  dry  CH4  can  also 
prevent  coke  build-up  for  operating  temperatures  less  than  700  °C. 

Since  oxides  catalyze  less  cracking,  anodes  based  exclusively 
on  ceramic  mixed  ionic-electronic  conductors  (MIECs)  have  been 
extensively  studied  in  the  literature  [6-9].  However,  it  proved  to  be 
difficult  to  obtain  good  electronic  conductivity  and  good  catalytic 
activity,  in  the  same  ceramic  material,  even  if  promising  proper¬ 
ties  were  reported  for  some  perovskite  like  Lai_xSrxCri_yMny03_a 
(x  =  0.2-0.3;  y  <  0.5)  and  Sr2MoMgi_xMnx06_5  [6-9].  However,  the 
most  crucial  factor  for  these  materials  is  a  relatively  low  electronic 
conduction  leading  to  electronic  transport  limitations. 

On  the  other  hand,  Hamakawa  et  al.  [10]  described  a  Ni-based 
catalyst  composed  of  a  MIEC  support  oxide  which  induces  a  self 
anti-coking  phenomenon  during  methane  conversion.  In  fact,  the 
self-migration  of  lattice  oxygen  inside  the  support  like  the  bal¬ 
ance  between  the  oxide  ionic  and  electronic  conductivities,  play 
an  important  role  to  prevent  accumulation  of  deposited  carbon 
over  the  catalysts.  Consequently,  another  way  to  prepare  anodes 
resistant  to  coke  while  preserving  Ni,  which  exhibits  excellent  elec- 
trocatalytic  properties,  could  be  to  use  a  MIEC  as  component  of 
the  anode,  i.e.  a  Ni-MIEC  cermet.  A  potential  way  to  improve  the 
stability  of  the  Ni/BIT07  cermets  under  dry  natural  gas  possibly 
will  be  to  induce  electronic  conductivity  into  BIT07  compounds. 
In  this  work  a  new  family  of  MIEC  compounds  derivate  from 
BIT07  by  substitution  of  Ti  by  Fe  (Fe^Ti)  BaIn0.3Tio.7-yFey03_5 
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(BITFey)  has  been  synthesized  and  characterized.  La-derivate  com¬ 
pounds  Ba1_2LazIno.3Tio.7-j/FeyO3_5  (BLITFey)  were  also  prepared 
and  studied.  Finally,  Ni/MIEC  cermets  based  on  BLITFe  phases  were 
elaborated  and  investigated  as  potential  anode  material. 


2.  Experimental 

BaIno.3Tio.7-3/FeyO3_5  (BITFey)  compounds  were  synthesized  by 
solid  state  reaction  of  BaC03,  ln203,  Ti02  and  Fe203.  Reactants  were 
mixed  in  stoichiometric  proportions,  ground  thoroughly  in  acetone 
and  calcinated  at  1200°C  for  24  h.  Powders  thus  obtained  were 
ground,  passed  through  the  100  mesh  sieve  and  uniaxially  pressed 
into  disks.  Finally  the  samples  were  sintered  in  air  at  1350  °C  for 
24  h.  Ba1_zLazIno.3Tio.7_yFey03_5  (BLITFey)  compounds  were  pre¬ 
pared  according  to  the  same  protocol  as  BITFey.  La203  was  used  as 
precursor  of  lanthanum. 

Ni/BLITFe06  cermets  were  elaborated  from  powders  of  as  pre¬ 
pared  Bao.7Lao.3ln0.3Tio.iFeo.603_5  (grain  size  100  pun)  and  NiO 
(grain  size  0.5-1  p,m)  mixed  in  different  BLITFe06/NiO  weight 
ratios:  75/25,  70/30,  60/40.  Both  mixtures  were  introduced  with 
twenty  glass  balls  (0  5  mm)  into  a  30  mL  glass  vessel  and  then 
placed  on  a  roller  bank  for  2  h  at  30  rpm.  Samples  of  the  resulting 
Bao.7Lao.3ln0.3Tio.iFeo.603-s/NiO  mixture  were  pressed  to  obtain 
pellets  of  0  10  mm  (thickness  2  mm)  that  were  heated  at  1200°C 
for  6  h  in  order  to  get  a  porous  matrix,  while  minimizing  shrinkage. 

A  multilayer  tape  casting  and  co-sintering  processes 
were  used  for  fabricating  Ni/BIT07//BIT07//Ni/BIT07  and 
Ni/BLITFe06//BIT07//Ni/BLITFe06  symmetrical  cells.  The  slur¬ 
ries  for  tape  casting  process  were  prepared  by  a  ball  milling 
process  including  two  steps.  In  the  first  step,  ceramic  powders  of 
BIT07  and  of  cermets  were  milled  in  a  planetary  mill  for  1  h  using 
zirconia  balls  as  milling  medium  with  ethanol  and  2-butanone 
as  the  solvents,  and  oleic  acid  as  dispersant.  Secondly,  polyvinyl 
butyral  (PVB)  and  polyethylene  glycol  (PEG)  used  as  binder  and 
plasticizer,  respectively,  were  added,  then  milled  for  another  24  h. 
Before  tape  casting,  the  slurries  were  deaerated  for  24  h  using  a 
roller  bank. 

The  cermet  film  was  cast  first  onto  the  glass  plate  by  a  “doc¬ 
tor  blade”  method  and  dried  in  air  for  several  minutes;  then  BIT07 
electrolyte  and  cathode  substrate  were  cast  on  top  of  the  tape. 
After  drying  overnight  at  room  temperature,  the  multilayer  tape 
was  detached,  waiting  for  co-sintering.  The  multilayer  tape  was 
co-sintered  at  1300  °C  during  6h  and  circular  symmetrical  cells 
(diameter  10-13  mm)  were  cut. 

X-ray  powder  diffraction  (XRD)  patterns  of  all  materials  were 
recorded  using  a  Briiker  “D8  Advance”  powder  diffractometer  oper¬ 
ated  in  Bragg-Brentano  reflection  geometry  with  a  Cu  anode  X-ray 
source,  a  focusing  Ge(l  1 1 )  primary  monochromator  (selecting  the 
Cu  Kai  radiation)  and  a  1-D  position-sensitive  detector  (“Vantec” 
detector).  Refinements  of  cell  parameters  were  carried  out  using 
the  program  FULLPROF  [11].  Thermal  expansion  coefficient  (TEC) 
was  inferred  from  X-ray  diffraction  patterns  recorded  from  room 
temperature  up  to  1000°C. 

The  temperature-programmed  reduction  (TPR)  studies  were 
performed  in  a  chemisorption  unit  Micromeritics  AutoChem  2910 
using  powdered  samples  of  100  mg.  Before  reaction,  samples  were 
treated  with  helium  at  300  °C  for  10  min  and  cooled  to  room  tem¬ 
perature.  The  TPR  experiments  were  carried  out  under  a  5.1% 
H2/Ar  mixture  flowed  through  the  sample  at  50mLmin_1,  rais¬ 
ing  the  temperature  at  10°Cmin_1  up  to  850  °C.  The  consumption 
of  hydrogen  was  monitored  on-line  with  a  thermal  conductivity 
detector. 

Transmission  electron  microscopy  (TEM)  study  was  carried  out 
with  a  Hitachi  H9000NAR  electron  microscope,  operating  at  300  kV 
equipped  with  an  energy  dispersive  X-ray  (EDX)  analyzer.  The 


compounds  were  gently  ground  in  ethanol  and  microcrystals  were 
deposited  on  a  holed  carbon  film  supported  by  a  copper  grid. 

57Fe  Mossbauer  spectra  were  recorded  in  transmission  geom¬ 
etry  with  a  constant  acceleration  spectrometer  using  a  room 
temperature  57Co(Rh)  source.  a-Fe  foil  was  used  at  300 1<  as  stan¬ 
dard  to  calibrate  velocity  and  isomer  shift.  Powdered  samples  were 
studied  at  300  K  and  77  K  using  a  cryostat.  The  spectra  were  com¬ 
puted  with  a  least  squares  routine  using  quadrupolar  components 
based  on  lorentzian  lines. 

The  standard  DC  four-probe  method  was  used  to  measure  the 
electrical  conductivity  in  air  and  under  reducing  atmosphere  (95% 
Ar/5%  H2)  between  300  °C  and  800  °C.  Sintered  pellets  densified 
to  over  95%  of  theoretical  density  were  cut  to  rectangular-shaped 
samples  with  dimensions  2  mm  x  2  mm  x  10  mm  and  subjected 
directly  to  electrical  conductivity  measurements. 

Symmetrical  cells  were  studied  by  electrochemical  impedance 
spectroscopy  (EIS).  The  measurements  were  carried  out  using  a  fre¬ 
quency  response  analyzer  Solartron  1260.  The  impedance  spectra 
were  recorded  over  a  frequency  range  2  MHz  to  0.01  Hz  with  sig¬ 
nal  amplitude  of  50  mV  and  with  10  points  per  decade  under  open 
circuit  conditions.  A  stabilisation  time  of  one  hour  was  considered 
between  each  temperature  change. 

3.  Results  and  discussion 

3.1.  The  iron  substituted  BIT07  compounds:  BaInojTioj-yFey03_8 

The  XRD  patterns  of  BaIn0.3Ti0.7_yFeyO3_5  (BITFey)  compounds 
prepared  as  described  in  the  experimental  section  are  shown  in 
Fig.  1(a).  Single  phase  compounds  were  obtained  in  the  compo¬ 
sition  range  0<y<0.4.  They  exhibit  a  cubic  perovskite  structure 
which  can  be  described  in  space  group  Pm-3m.  The  cell  parame¬ 
ter  a  increases  weakly  with  increasing  Fe  content  as  illustrated  in 
Fig.  1(b). 

For  y>  0.5,  even  if  no  extra  peaks  corresponding  to  secondary 
phases  were  observed  in  XRD  patterns,  the  full  width  at  half  max¬ 
imum  (FWHM)  of  the  diffraction  peaks  (e.g.  see  Fig.  1(b)  for  the 
(110)  reflection  (20^31°))  is  much  larger.  This  feature  indicates  a 
structural  distortion  or  a  biphased  compound. 

In  order  to  go  further  in  the  characterization  of  this  specific 
aspect,  a  TEM  study  of  BaIn0.3Ti0.i  Fe0.6O3-s  was  performed.  No  sec¬ 
ondary  phase  was  detected.  The  reciprocal  lattice  of  this  compound 
was  studied  by  selected  area  electron  diffraction  (SAED).  No  sign  of 
amorphisation  was  detected.  Main  reflections  could  be  indexed  in 
the  space  group  Pm-3m  (see  Fig.  2(a)  and  (b)).  However,  for  some 
zone  axes  (i.e.  [115]  in  Fig.  2(c)),  a  phenomenon  of  diffuse  scat¬ 
tering  is  observed,  which  could  be  due  to  a  short  range  order  of 
oxygen  vacancies  and/or  B-site  cations.  Moreover,  in  some  crystals 
forbidden  reflections  in  Pm-3m  S.G.  are  observed,  even  if  they  are 
very  diffuse,  indicating  a  lowering  of  symmetry.  Nevertheless,  it 
should  be  noted  that  the  stacking  of  the  layers  remains  very  regu¬ 
lar,  as  evidenced  from  the  [110]  high  resolution  image  illustrated 
in  Fig.  2(d). 

As  will  be  discussed  below,  a  mixed-valence  Fe(III/IV)  state 
occurs  in  these  materials  at  room  temperature,  thus  the  aliova- 
lent  substitution  of  Ti(IV)  by  Fe(III/IV)  implies  the  formation  of 
charge-compensating  oxygen  vacancies  which  number  increases 
with  the  iron  content.  For  y>  0.5,  the  oxygen  vacancies  content 
becomes  high  enough  to  destabilize  the  cubic  perovskite  structure. 
This  feature  is  translated  into  the  XRD  pattern  by  a  broadening  of 
the  diffraction  peaks. 

To  stabilize  the  cubic  structure  for  high  iron  rates  the  sub¬ 
stitution  of  Ti  by  Fe  was  coupled  to  that  of  Ba  by  La  (La^  Ba). 
This  double  substitution  is  expected  to  limit  the  number  of 
charge-compensating  oxygen  vacancies  formed  during  reaction 
and  obtain  a  better  mismatch  between  AO  and  B02  layers 
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2  0  (°)  iron  content,  y 

Fig.  1.  (a)  XRD  patterns  of  BaIno.3Tio.7-yFey03_5  with  0  <y  <  0.7  under  air  at  RT  and  (b)  lattice  parameter  and  FWHM  of  the  (110)  reflection  vs.  Fe  content. 


in  the  perovskite  structure.  Thus,  the  La-derivate  compounds 
Bai_zLazIn0.3Tio.7-yFey03_5  (y  =  0.5  and  0.6;  0<z<0.7)  were  syn¬ 
thesized  and  then  characterized. 

3.2.  The  lanthanum  substituted  BITFey  compounds: 

Ba  i  -zLazln03  Tio.  7-yFey  O3-5 

Bai_zLazIn0.3Tio.7-yFey03_(5  (BLITFey)  compounds  were  pre¬ 
pared  in  a  similar  way  that  BITFey.  Both  substitutions  Fe^Ti 


and  La  ->  Ba  allowed  to  stabilize  the  cubic  perovskite  struc¬ 
ture  for  high  iron  contents  (y  =  0.6).  The  XRD  patterns  of 
Bai_zLazIn03TioiFeo603-s  compounds  (0<z<0.7)  are  shown  in 
Fig.  3(a). 

As  illustrated  in  Fig.  3(b),  for  the  composition  range  0  <z<  0.2, 
the  FWHM  of  the  diffraction  peaks  decreases  with  increasing  La 
content.  For  0.2  <  z  <  0.5  the  reflection  width  is  narrow  enough  to 
refine  lattice  parameters  in  the  cubic  Pm-3m  SG.  As  expected,  the 
replacement  of  Ba2+  (effective  ionic  radius:  re  =  1.42  A)  by  smaller 


Fig.  2.  TEM  study  of  BaIn0.3Tio.iFeo.603_5:  (a)  [100]  SAED  pattern;  (b)  [1 1  0]  SAED  pattern;  (c)  [1 1  5]  SAED  pattern  and  (d)  [1 1  0]  HREM  image  of  BaIno.3Tio.1Feo.6O2.s5-5. 
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Fig.  3.  (a)  XRD  patterns  of  Bai_zLazIno.3Tio.iFeo.603_5  with  0  <z<  0.7  under  air  at  RT  and  (b)  lattice  parameter  and  FWHM  of  the  (110)  reflection  vs  lanthanum  content. 


cation  La3+  (re  =  1.16A)  induces  a  cell  parameter  decrease.  For 
0.5  <z<  0.7  a  broadening  of  the  diffraction  peaks  is  observed  once 
more. 

Mossbauer  spectrometry  was  used  to  determine  the  average 
valence  of  iron  in  these  materials.  57Fe  Mossbauer  spectra  of 
Bai_yLayIno.3Tio.iFeo.603_5  compounds  were  first  performed  at  77 
and  300  K  with  a  large  velocity  scale  to  check  that  neither  Fe2+  nor 
Fe  magnetic  species  occur.  As  illustrated  in  Fig.  4,  the  Mossbauer 
spectra  obtained  at  300  K  (which  are  similar  to  those  at  77 1<)  clearly 


-2 


v(mm/s) 


exhibit  quadrupolar  structures.  Each  spectrum  has  to  be  fitted  by 
means  of  at  least  three  quadrupolar  components.  It  is  important  to 
emphasize  that  due  to  the  lack  of  resolution,  different  descriptions 
can  be  a  priori  proposed  but  a  critical  examination  of  these  solu¬ 
tions  and  their  evolution  as  a  function  of  La  substitution  at  both 
300  K  and  77 1<  allows  to  conclude  to  the  fitting  model  which  is 
now  discussed.  The  corresponding  hyperfine  parameters  of  each 
doublet  are  listed  in  Table  1 .  According  to  the  values  of  isomer  shift, 
one  distinguishes  a  quadrupolar  component  typical  of  a  high-spin 
Fe(IV)  ( -0.1 3  <  8  <  -0.04  mm  s-1 )  and  the  two  others  doublets  char¬ 
acteristic  of  high-spin  Fe(III)  (0.25 <8< 0.34 mm s-1),  while  their 
respective  proportions  directly  result  from  the  absorption  areas, 
assuming  the  same  Debye  recoilless  factor  values.  One  observes 
that  the  mean  values  of  isomer  shift  and  those  of  Fe(IV)  tend  to 
increase  when  the  La  content  increases  while  those  of  Fe(III)  sites 
remain  rather  composition  independent.  An  increase  of  the  iso¬ 
mer  shift  might  be  explained  by  an  increase  of  Fe(IV)  bond  valence, 
linked  to  a  decrease  of  distance  between  B06  octaedra  with  reduc¬ 
tion  of  A-site  size.  Moreover,  quadrupolar  splitting  for  Fe(IV)  tends 
to  decrease  with  lanthanum  content.  That  gives  information  on  a 
more  regular  environment,  and  may  be  linked  to  the  decrease  of 
the  vacancy  content. 

The  Mossbauer  parameters  of  the  Fe(III)  sites  are  similar  to  those 
found  for  other  strongly  oxygen-deficient  materials  as  SrFe03±y 
[12-14]  and  SrFei±xTix03±y  [15-18].  The  evaluation  of  Fe(III)  envi¬ 
ronments  is  more  difficult  than  those  of  Fe(IV).  As  previously 
reported,  Fe(IV)  tends  to  accept  octahedral  site.  It  would  also 
be  possible  to  assume  that  the  highest  isomer  shift,  close  to 
0.34  mm  s-1 ,  coupled  with  high  quadripolar  splitting  value,  would 
correspond  to  the  octahedral  environment  for  Fe(III).  For  the  sec¬ 
ond  contribution  (<5~0.25mms_1),  coordination  would  be  lower 
than  6-fold  because  of  lower  isomer  shift  than  octahedral  values. 

Integration  of  simulated  area  shows  that  the  quantity  of  Fe(IV) 
has  slowly  decreased  (25-21  %)  with  the  increase  of  lanthanum  con¬ 
tent  in  compounds.  Substitution  of  Ba2+  by  La3+  leads  to  a  slightly 
decrease  of  lower  mean  valence  for  iron.  Therefore,  the  substitu¬ 
tion  of  barium  by  lanthanum  might  have  a  higher  effect  on  the 
diminution  of  vacancies  content  (see  Table  1).  For  z  =  0.7,  the  oxy¬ 
gen  content  is  close  to  the  maximum  value  for  a  cubic  perovskite 
structure.  For  higher  lanthanum  content,  compounds  would  exhibit 
an  excess  of  non-stoichiometric  oxygen. 


3.3.  Electrical  conductivity 


Fig.  4.  Mossbauer  spectra  under  air  at  300  K  of  Bai_zLazIn0.3Tio.iFeo.603_5  for  .  . 

0.1  <z< 0.7.  Open  circles  correspond  to  experimental  data,  solid  line  to  Fe4+  fit;  The  Arrhenius  plots  of  electrical  COnduCtlV- 

dash  line  to  1Fe3+;  dot  line  to 2 Fe3+  and  grey  solid  line  to  sum  fitted  spectrum.  ity  of  BaIno.3Tio.7_yFey03_5  (y  =  0,  0.2  and  0.4)  and 
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Table  1 

Mossbauer  parameters  (isomer  shift  8,  quadrupolar  splitting  A E,  proportions  p)  of  each  doublet  of  Bai_zLazIn0.3Tio.iFeo.603_5  spectra  and  linked  oxygen  stoichiometry. 


Valence 


8  (mms_1)±0.02 


AF  (mms_1)±0.02 


)±2 


Oxygen 

stoichiometry 


0.1 


0.3 


0.5 


0.7 


Fem 

FeIV 

Fem 

FeIV 

Fem 

FeIV 

Fe111 

FeIV 


0.29 

0.25 

-0.13 

0.34 

0.29 

-0.09 

0.34 

0.29 

-0.06 

0.32 

0.29 

-0.04 


1.14 

0.72 

0.61 

1.21 

0.80 

0.64 

1.12 

0.68 

0.56 

0.92 

0.53 

0.48 


42 

33 

25 

18 

54 

28 

14 

63 

23 

26 
53 
21 


2.68 


2.78 


2.87 


2.93 
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Fig.  5.  DC  conductivity  vs.  temperature  for  (a)  BaIno.3Tio.7-yFeyO2.85-5  compounds  (0<y<0.6)  under  air  and  (b)  Ba1_zLazIno.3Tio.iFeo.603_($  compounds  (0<z<0.6)  under  air 
(black  symbol)  and  z  =  0.3  underAr/H2  (5%)  (open  circle). 


Bai_zLazIno.3Tio.iFeo.603_5  (z  =  0.1,  0.2  and  0.3)  materials  are 
shown  in  Fig.  5.  The  conductivity  curves  under  air  exhibit  a 
maximum  towards  550-600  °C,  due  to  the  partial  reduction  with 
temperature  of  Fe4+  into  Fe3+. 

For  low  Fe  contents,  the  temperature  dependence  of  the  elec¬ 
trical  conductivity  indicates  a  semiconducting  behaviour  which 
changes  into  pseudo  metallic  one  when  y  exceeds  0.4.  Further¬ 
more,  the  total  conductivity  increases  significantly  with  the  Fe  and 
La  content,  at  least  2  orders  of  magnitude.  Thus,  BaIn0.3Ti0.7O3_5 
(BIT07)  yields  a  conductivity  of  10_2Scm_1  at  700  °C  whereas 
Ba0.7Lao.3lno.3Tio.iFeo.603_5  (BLITFe06)  shows  a  conductivity  of 
3  Son-1.  Activation  energies  of  BLITFe06  compounds  are  quite 
similar  i.e.  £a^0.3eV.  BITFe  and  BLITFe  are  p-type  conductors. 
In  reducing  atmosphere  (Ar/5%  FI2)  their  electrical  conductivity 
decreases  drastically  due  to  the  iron  reduction  which  implies  a 
decrease  in  the  number  of  charge  carriers.  All  compounds  exhibit 
similar  temperature  dependence  of  conductivity  and  a  significant 
increase  in  the  activation  energy  is  also  observed  (Ea^0.6eV). 
The  best  conductivity  at  700  °C  (2  x  1 0-2  S  cm-1 )  was  obtained  for 
Bao.7La0.3lno.3Tio.iFeo.603_(5  (see  Fig.  5(b)).  Fe4+  into  Fe3+  reduc¬ 
tion  was  confirmed  by  temperature-programmed  reduction  (TPR). 
Indeed,  as  illustrated  in  Fig.  6,  the  peak  at  400  °C  can  be  assigned 
to  iron  reduction.  The  consumption  of  hydrogen  measured  indi¬ 
cates  a  decrease  of  the  mean  iron  valence  from  3.3  to  3.  Moreover, 
no  extra  reduction  peaks  were  observed  up  to  750  °C,  attesting  the 
redox  stability  of  this  material  under  reducing  atmosphere. 


Due  to  their  low  electrical  conductivity  at  low  p02,  these  mate¬ 
rials  can  not  be  used  as  MIEC  anodes;  however  they  can  be  used 
as  cermet  components.  Because  Bao.7Lao.3Ino.3Tio.iFeo.603_5  shows 
the  best  conductivity  at  700  °C  in  air  and  under  Ar/5%FI2,  it  was 
retained  for  cermets  elaboration. 


Fig.  6.  Normalized  TPR  profile  of  Bao.7Lao.3lno.3Ti0.iFeo.603_5  (black)  and 
Ba0.7Lao.3lno.3Tio.iFeo.603_5  (light  grey). 
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Fig.  7.  XRD  patterns  of  (a)  Bao.7Lao.3lno.3Tio.iFeo.603_3;  (b) 
NiO/Bao.7Lao.3lno.3Tio.iFeo.603_<s;  (c)  Ni/Bao.7Lao.3lno.3Tio.iFeo.603_,$;  (*)  Ni  reflections 
and  (a)  NiO  reflections. 


3.4.  The  Ni/Ba0jLaojIno.3TiojFeo.603-s  cermets 

As  mentioned  before  Ni/BIT07  cermets  containing  18.7vol.%  of 
nickel  (30wt.%  of  NiO)  exhibit  promising  characteristics  for  anode 
applications  [4].  In  order  to  easier  compare  these  cermets  to  those 
based  on  BLITFe06,  several  NiO/BLITFe06  weight  ratios  were  con¬ 
sidered:  a  ratio  equivalent  to  that  of  Ni/BIT07  cermets  (30/70  wt%), 
a  higher  ratio  40/60  and  an  inferior  one  25/75.  These  weight 
ratios  correspond  to  a  volumetric  percentage  of  nickel  of  19.8, 27.7 
and  16.1  respectively.  The  Ni/BLITFe06  cermets  were  prepared  as 
described  in  experimental  section.  The  XRD  pattern  corresponding 
to  70/30  cermet  is  shown  in  Fig.  7  as  example.  The  thermal  treat¬ 
ment  does  not  induce  any  chemical  reaction  between  constituents. 
This  feature  was  confirmed  by  a  refinement  of  cubic  cell  parameter 
ofBao.7Lao.3lno.3Tio.iFeo.603_5  by  full  pattern  matching,  indicating 
no  change  with  respect  to  the  initial  value.  At  this  stage,  the  den¬ 
sity  reaches  75  ±  2%  theoretical  density.  Finally,  rectangular  shaped 
samples  were  subjected  to  a  reducing  process  for  5h  at  750  °C 
under  flowing  wet  Ar/H2  (5%).The  weight  loss  observed  during  TG 
analysis  of  Ba0.7Lao.3lno.3Tio.iFeo.603_($/NiO  mixtures  under  these 
reducing  conditions  (see  Fig.  8)  corresponds  to  a  complete  reduc¬ 
tion  of  NiO  to  Ni.  An  extra  weight  loss  of  0.6%  related  to  reduction 
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Fig.  8.  TG  curves  under  wet  5%  H2/Ar  of  NiO/BLITFe06  with  different  wt.%  of  NiO: 
(a)  25%,  (b)  35%  and  (c)  40%. 


T  (°C) 

Fig.  9.  Normalized  TPR  of  Ba0.7La0.3  In0.3Tio.i  Fe0.6O3_,5  and  nickel-based  cermets  with 
30  wt.%  and  35  wt.%  of  NiO. 


of  Fe4+  -*  Fe3+  was  also  observed  In  fact,  iron  reduction  is  accompa¬ 
nied  by  an  oxygen  loss  to  preserve  the  electroneutrality  of  BLITFe06. 
No  impurity  was  detected  in  the  XRD  of  the  Ni/BLITFe06  cermets 
thus  prepared.  The  reduction  step  does  not  induce  any  measurable 
further  shrinkage  of  the  samples.  Therefore,  due  to  oxygen  loss,  the 
density  decreases  down  to  60%  that  is  overall  porosity  reaches  40%. 
Moreover,  the  reducibility  of  the  perovskite  does  not  seem  to  be 
affected  by  the  presence  of  nickel  contrary  to  what  described  before 
for  other  perovskites  [  1 9,20].  As  shown  in  Fig.  9,  the  temperature  of 
iron  reduction  does  not  depend  on  the  nickel  content  in  the  cermet. 
For  BLITFe,  only  one  peak  of  FI2  consumption  is  observed  in  the  TPR. 
This  peak  between  350  °C  and  450  °C  is  associated  to  Fe4+  -»  Fe3+ 
reduction.  In  the  case  of  cermets,  three  peaks  of  FI2  consumption 
are  observed  between  230  °C  and  500 °C.  The  two  most  intense 
peaks,  localized  between  265  °C  and  370  °C,  are  related  to  nickel 
reduction.  The  intensity  of  iron  reduction  peak  remains  very  weak 
compared  to  those  of  NiO  reduction  because  the  oxygen  amount 
released  in  both  processes  is  quite  different.  The  intensity  of  NiO 
reduction  peaks  increases  logically  with  the  nickel  rate. 

3.5.  Thermal  expansion  behaviour 

Concerning  the  mechanical  properties  of  the  anodes,  the  ther¬ 
mal  expansion  coefficient  (TEC)  is  a  key  factor  for  manufacturing 
cells.  Thus,  the  TEC  of  BLITFe0.6  was  inferred  from  the  relative 
evolution  of  the  cubic  cell  parameter  vs.  temperature  between 
RT  and  700  °C  (see  Fig.  10).  The  TEC  corresponds  to  the  slope  of 
the  linear  function  A a/a0  =  F(T).  Its  value  (TEC  ~  22(1)  x  1 0-6  K_1 ) 
fairly  agrees  with  those  generally  obtained  for  ferrites  [21,22]  but 
is  rather  different  from  that  of  BIT07  (TEC  =  9.9  x  10-6I<-1).  For 
Ni/BLITFe0.6  cermets,  the  TEC  was  first  calculated  from  the  volume 
fraction  (cq),  the  elastic  modulus  (£;)  and  TEC \  of  each  constituent 
according  to  the  formula  [23]: 

TT:r  _  oim  TECm£m  +  ac  TECcEc 
cermet  ~~  TECm£m+  TECcEc 
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Fig.  10.  Temperature  dependence  of  lattice  parameters  of 
Bao.7Lao.3lno.3Tio.iFeo.603_,5  in  the  range  of  25-900  °C. 


t  r  c) 


where  indices  m  and  c  refer  to  Ni  and  BLITFe06  respectively 
(TECm  =  1 3.5  x  1 0-6  K-1 ,  Em  =  1 97  GPa  and TECc  =  22  x  1 0“6(  1 )  K"1 ). 
Since  the  value  of  Ec  is  not  established  it  was  assumed  equal  to 
^BaTio3  =  67  GPa).  The  values  of  TEC  thus  estimated  for  various  cer¬ 
mets  are  listed  in  Table  2. 

3.6.  Influence  of  the  Ni  content  on  the  DC  conductivity  of  the 
cermets 

DC  conductivity  measurements  were  carried  out  between  RT 
and  700  °C  under  Ar/5%  H2  on  Ni/Bao.7Lao.3lno.3Ti0.iFeo.603_($  cer¬ 
mets  with  various  Ni  contents  (27.7,  19.8  and  16.1vol.%).  The 
total  DC  resistivity  values  were  then  compared  to  data  reported 
for  pure  nickel  [24]  and  a  18.7vol.%  Ni/BIT07  cermet  [4].  In 
Fig.  11,  a  sharp  change  in  slope  can  be  observed  for  all  the 
curves  in  correspondence  to  the  Curie  temperature  of  Ni  (at 
350 °C).  The  increase  in  resistivity  with  increasing  temperature 
indicates  a  metallic  behaviour.  Interestingly,  the  electronic  con¬ 
ductivity  of  each  Ni/BLITFe-type  cermets  is  higher  than  that  of 
18.7  vol.%  Ni/BIT07  (cr7 00 °c  ^  1 02  S  cm-1 ),  even  for  a  lower  Ni  con¬ 
tent  (16.1  vol.%  Ni/BLITFe06  <7700  °c  ~  200  S  cm-1 ).  As  expected,  the 
conductivity  of  Ni/BLITFe06  cermets  increases  with  Ni  rate.  The 
best  results  were  obtained  for  27.7  vol.%  Ni/BLITFe06  cermet  with 
cr 700  °c  ^  1 000  S  cm-1 .  The  same  level  of  conductivity  was  obtained 
for  a  30  vol.%  Ni/YSZ  cermet  [25]. 

In  order  to  determine  the  percolation  threshold,  i.e.  the  Ni  con¬ 
tent  for  which  a  sharp  drop  in  electronic  conductivity  is  observed, 
several  Ni/BLITFe06  cermets  with  decreasing  Ni  contents  were  pre¬ 
pared  and  subjected  to  DC  conductivity  measurements  at  RT.  It 


Table  2 

Calculated  TECs  of  Ni/BLITFe06  cermets. 


Ni  (vol.%) 

Calculated  TEC  ( x  1 0“6  K1 ) 

5 

20.9 

10 

19.9 

15 

19.1 

20 

18.4 

25 

17.8 

30 

17.3 

40 

16.4 

Fig.  11.  Conductivity  data  for  (a)  pure  Ni;  (b)  27.7  vol.%  Ni/BLITFe;  (c)  19.8  vol.% 
Ni/BLITFe;  (d)  16.1  vol.%  Ni/BLITFe;  (e)  18.7  vol.%  Ni/BIT07. 

is  important  to  emphasize  that  the  conductivity  of  the  cermets 
as  a  function  of  the  nickel  content  (Fig.  12)  shows  the  S-shaped 
curve  predicted  by  percolation  theory  [26].  It  leads  to  a  percolation 
threshold  ranged  between  9%  and  1 1  vol.%  of  Ni.  This  value  is  signif¬ 
icantly  lower  than  that  reported  for  Ni/BIT07  cermets  (15.7  vol.%) 
[4]  and  than  values  derived  from  numerical  simulations  for  disor¬ 
dered  3D  systems  (14.5  vol.%)  [27-29].  This  feature  could  be  related 
with  the  specific  microstructure  of  Ni/BLITFe06  cermets.  Actually, 
as  described  by  Da  Fie  et  al.  [30]  the  grain  size  ratio  of  insulating  to 
conductive  powders  (A.)  influences  significantly  the  conductive  per¬ 
colation  threshold  which  decreases  when  X  increases.  As  illustrated 
in  Fig.  13,  the  grain  size  ratio  BLITFe06/Ni  is  appreciably  higher  than 


%  vo  I  Ni 

Fig.  12.  Ni  (vol.%)  dependence  of  total  conductivity  of  Ni/BLITFe  cermets  at  25  °C. 
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Fig.  13.  SEM  micrographs  of  (a)  Ni/BIT07  and  (b)  Ni/BLITFe06. 


the  BIT07/Ni  one.  In  fact,  BIT07  and  BLITFe06  exhibit  a  sintering 
behaviour  quite  different  which  can  explain  this  feature.  A  large 
value  of  A  avoids  small  particles  to  be  isolated  in  the  regions  occu¬ 
pied  by  the  large  particles.  Thus,  for  the  Ni/BLITFe06  cermet,  one 
can  observe  the  formation  of  large  clusters  of  Ni  to  span  the  pack¬ 
ing  structure.  This  leads  to  a  decrease  of  the  percolation  threshold 
which  moves  favourably  towards  the  small  quantities  of  nickel. 

3.7.  Electrochemical  characterization 

The  electrochemical  behaviour  of  Ni/BIT07  and  Ni/BLITFe06  cer¬ 
mets  was  studied  by  EIS.  In  order  to  facilitate  comparison  with 
previous  results  [5]  a  content  of  NiO  equal  to  40wt%  was  used  to 
elaborate  cermets.  Symmetrical  cells  of  Ni/BIT07//BIT07//Ni/BIT07 
and  Ni/BLITFe06//BIT07//Ni/BLITFe06  were  prepared  by  tape  cast¬ 
ing  and  co-sintering  as  described  in  Section  2. 

EIS  measurements  were  performed  between  400  and  700  °C 
under  5%  H2/95%  Ar  and  methane  both  humidified.  Fig.  14  shows 
the  impedance  diagrams  of  the  symmetrical  cells  at  400  °C.  The 
experimental  data  were  analyzed,  using  the  Zview®  software 
(Scribner  Associates).  The  best  equivalent  circuit  fitting  comprises 
a  series  of  three  parallel  combinations  of  resistance  and  a  constant 
phase  element,  CPE.  The  first  contribution,  in  the  high  frequency 
range,  is  attributed  to  the  BIT07  electrolyte.  All  the  impedance  dia¬ 
grams  reveal  the  presence  of  two  semi-circles  associated  to  the 
electrode  responses;  describing  the  two  processes  that  contribute 
to  the  electrode/electrolyte  interface  impedance.  For  these  sam¬ 
ples,  at  high  temperature  (>500  °C),  an  additional  phenomena  is 
observed  at  high  frequency  in  the  Nyquist  diagrams.  An  inductive 
component  (L)  is  taken  into  account  and  added  in  series  to  the  cor¬ 
responding  equivalent  circuit  (Fig.  15).  The  inductance  L  is  ascribed 
to  the  leads  and  the  resistance  of  electrolyte  in  this  case  is  calculated 
by  the  intercept  with  real-axis  ( R i ).  The  polarization  resistance  of 
the  electrode,  Rp,  represents  the  sum  of  resistances  R2  and  R3. 

The  area  specific  resistance  (ASR)  was  calculated  multiplying 
Rp  by  the  surface  of  cathode  (~0.3  cm2)  all  divided  by  2  since  the 
cell  is  symmetrical.  As  shown  in  Table  3,  under  wet  hydrogen,  the 
symmetrical  cell  with  Ni/BLITFe06  anode  has  an  ASR  values  smaller 


Table  3 

The  ASR  values  of  symmetrical  cells  of  Ni/BLITIFe06  and  Ni/BIT07  anode  on  BIT07 
electrolyte  obtained  under  wet  H2  and  CH4. 


Temperature 

(°C) 

ASR  (£2  cm2) 

Ni-BIT07/BIT07 
under  wet  H2/Ar 

Ni-BLITFe06/  BIT07 
under  wet  H2/Ar 

Ni-BLITFe06/BIT07 
under  wet  CH4/Ar 

700 

1.7 

0.2 

0.6 

600 

5.8 

0.7 

1.7 

500 

11.6 

1.3 

4.4 

400 

14.3 

13.4 

44.2 

than  that  of  the  symmetrical  cell  with  Ni/BIT07.  At  700  °C,  an  ASR  of 
0.2  £2  cm2  is  obtained  which  is  noticeably  inferior  to  that  measured 
for  symmetrical  cells  based  on  Ni/BIT07  (1.7  £2  cm2). 

This  improvement  results  from  the  increased  of  the  oxygen 
ionic  conducting  phase  which  can  increase  the  triple  phase  bound¬ 
ary  zone  and/or  the  electrocatalytic  activity  of  the  material.Under 


Z'(Q.cm2) 


Fig.  14.  Nyquist  impedance  diagrams  at  400  °C  of  (a) 
Ni-BLITFe06/BIT07/Ni-BLITFe06;  (b)  Ni-BIT07/BIT07/Ni-BIT07  symmetrical 
cell  in  wet  Ar/H2  (circles)  and  wet  CH4  (squares).  Frequency  logarithms  are 
indicated. 
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Fig.  15.  Nyquist  impedance  diagrams  at  700  °C  of  (a) 
Ni-BLITFe06/BIT07/Ni-BLITFe06;  (b)  Ni-BIT07/BIT07/Ni-BIT07  symmetrical 
cell  in  wet  Ar/H2  (circles)  and  wet  CH4  (squares).  Points  are  experimental  data  and 
lines  are  fit  data  with  the  equivalent  circuit.  Frequency  logarithms  are  indicated. 

wet  methane,  the  frequency  ranges  associated  with  the  electro¬ 
chemical  processes  are  similar  to  that  obtained  under  wet  H2;  two 
semi-circles  are  observed  at  medium  and  low  frequencies  in  the 
Nyquist  diagrams  (Fig.  15(a)).  Nevertheless,  the  ASR  increases  up 
to  0.6  £2  cm2,  but  remains  compatible  with  the  SOFC  target  val¬ 
ues.  However,  for  Ni/BIT07  no  electrochemical  measurement  could 
be  made  because  the  symmetrical  cells  were  destroyed  as  conse¬ 
quence  of  coking  phenomenon.  In  the  case  of  Ni/BLITIFE  carbon 
deposition  is  also  observed  as  indicates  the  blackening  of  the  sym¬ 
metrical  cells  and  the  weak  increase  of  their  diameter  after  EIS 
measurements.  However,  the  mechanical  resistance  of  the  cell  is 
still  good  what  seems  to  indicate  that  coking  is  less  important. 

4.  Conclusion 

A  new  family  of  MIEC  compounds  resulting  from  the  elec¬ 
trolyte  BIT07  was  developed  by  the  coupled  substitution  Fe  ->  Ti 
and  La  ->  Ba.  The  total  conductivity  increases  significantly  with  the 
Fe  and  La  content,  at  least  2  orders  of  magnitude.  BaIn0.3Tio.703_5 


(BIT07)  yields  a  total  conductivity  in  air  of  10-2Scm-1  at  700  °C 
whereas  that  of  Ba0.7Lao.3lno.3Tio.iFeo.603_($  (BLITFe06)  is  esti¬ 
mated  at  3Scm_1.  However,  under  reducing  atmosphere,  the 
best  level  of  conductivity  obtained  for  the  BLITFe  compounds 
(2  x  10-2  Scrrr1)  is  not  sufficient  for  a  use  as  MIEC  anode.  On 
the  contrary,  Ni/BLITFe06  cermets  exhibit  the  level  of  conduc¬ 
tivity  required  for  SOFC  device.  The  electronic  conductivity  of 
Ni/BLITFe06  cermet  is  higher  than  that  of  Ni/BIT07  cermet  even 
for  Ni  a  lower  content.  Moreover,  the  percolation  threshold 
moves  favourably  towards  the  small  quantities  of  nickel.  Finally, 
Ni/BLITFe06  cermets  show  a  better  electrochemical  behaviour 
towards  fuel  oxidation.  However,  an  optimization  of  the  electrode 
microstructure  aiming  to  decrease  the  quantity  of  nickel,  thus  a 
complete  study  of  the  average  contributions  and  low  frequencies 
of  the  diagrams  of  impedance,  must  be  made  to  still  improve  resis¬ 
tance  to  coking  of  these  anodes. 
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